Background. Classic Kaposi sarcoma (cKS) is an inflammatory tumor caused by human herpesvirus 8 (HHV-8) commonly observed in elderly men of Mediterranean origin. We studied a Finnish family of 5 affected individuals in 2 generations. Except for atypical mycobacterial infection of the index case, the affected individuals did not have notable histories of infection.
virus (HIV) infection; iatrogenic KS, seen secondary to immunosuppressive therapy; endemic KS, observed mainly in non-HIV-infected individuals from sub-Saharan Africa; and classic KS, commonly affecting elderly men of Mediterranean, Eastern European Jewish, or Middle Eastern origin.
Classic KS (cKS) is clinically considered the mildest form of KS and is usually a slowly progressing disease involving the skin of the lower limbs and, more rarely, the upper limbs. Familial occurrence of cKS is rare, with about 100 patients reported to date [8, 9] . The reported familial cases have mainly been siblings or cousins of Jewish origin [8] .
Although HHV-8 is present in all subtypes of KS, the infection alone is not sufficient for tumor development. Genetic predisposition to cKS has been reported in 4 unrelated children with recessive single-gene inborn errors of immunity. Two of the patients had cKS and other phenotypes due to inherited mutations in IFNGR1 and WAS [10, 11] . Two other patients had isolated cKS due to mutations in STIM1 and TNFRSF4 [12, 13] . Genetic variants in FCGR3A, CXCR2, and IL13 [14, 15] , as well as certain HLA-alleles, have also been associated with cKS predisposition at the population level, but these findings remain inconclusive.
We recently reported a frequent occurrence of familial KS in Finland and described a Finnish family of 5 affected individuals with adulthood cKS in 2 generations [9] . The aim of this study was to explore the possible genetic predisposition in the family by genome-wide mutation analysis supported by analysis of shared genomic regions. We report a candidate predisposition variant, c.1337C>T p.Thr446Ile, in STAT4 that segregated with cKS in the family. We further show that the variant carriers display attenuated interferon γ (IFN-γ) production, suggesting that signal transducer and activator of transcription factor 4 (STAT4)-mediated T-helper cells are important in the defense against HHV-8.
MATERIALS AND METHODS

Ethical Considerations
The study was approved by Ministry of Social Affairs and Health in Finland, as well as by local ethics review committees in Finland, Italy, and Israel. Informed consent was obtained from the patients who donated fresh tissue samples. The use of archival materials was authorized by the Finnish National Supervisory Authority for Welfare and Health.
Patients and Sample Materials
The index case (III-5; Figure 1A ) received a diagnosis of KS in the right calf and ankle at the age of 58 years. During the following 2 decades, she had multiple KS lesions, some of which were surgically removed and some that were treated with irradiation. At the age of 74 years, she received a diagnosis of atypical mycobacterial infection (due to Mycobacterium avium intracellulare) in the lungs. A few months later, her KS metastasized to the submandibular lymph node. After 2 years of unsuccessful treatment of M. avium intracellulare infection with antibiotics, treatment was ceased because of leukopenia. Other immunity-related conditions included allergic hypertrophic rhinitis and erysipelas, which was treated during hospitalization. She died during hospitalization at the age of 86 years from normal causes.
One sister of subject III-5 (subject III-1; Figure 1A ) was mentally disabled and lived in the same household with subject III-5. She had KS diagnosed in the right knee at the age of 68 years. Similar to subject III-5, she also had consecutive KS lesions, most of which were treated with irradiation. She had osteoarthritis in her left wrist and she was hospital treated twice for erysipelas. The clinical records also described an unspecific pleural scar in the lungs, and tuberculosis was suspected, but she was never examined for that. She died of pneumonia at the age of 89 years.
The other sister of subject III-5 (subject III-2; Figure 1A ) had KS diagnosed at the age of 64 years. She died at the age of 67 years from myocardial infarction. Her clinical records were not available. The mother of subject III-5 (subject II-2; Figure 1 ) had multiple KS lesions diagnosed in the right foot at the age of 70 years. Limited medical records were available from her, and she died from a stroke 3 years after the KS diagnosis.
The cousin of subject III-5 (subject III-6; Figure 1A ) received a diagnosis of prostate hyperplasia at the age of 75 years. At the age of 86 years, he had multiple plantar KS lesions diagnosed, which were treated with irradiation. He died of acute myocardial infarction at the age of 88 years.
Samples used in the study are listed in Table 1 . From subject III-5, peripheral blood-derived DNA, Epstein-Barr virus-transformed lymphoblastoid cell line, and formalinfixed paraffin-embedded (FFPE) tumor samples were available, and from subjects III-2 and III-6, only FFPE tumor samples were available ( Figure 1A ). Samples used in STAT4 screening included FFPE DNA specimens from 6 Finnish KS families [9] (Supplementary Figure 1A) , 56 FFPE tumor DNA specimens from Finnish patients with sporadic KS, germ line DNA specimens from a cKS family from Israel [16] , as well as germ line DNA specimens from 26 patients with cKS from 13 Italian cKS families.
Genotyping and Linkage Analysis
Genotypes of subjects III-5 and III-6 were determined using HumanOmni2.5Quad v1.0 and HumanOmni express FFPE v1.0 platforms, respectively (Illumina, Carlsbad, California). Hybridizations were performed according to manufacturer's instructions at Finnish Institute for Molecular Medicine. Multipoint parametric linkage analysis with an autosomal dominant model was performed with Merlin v1.1.2 [17] . Regions of consecutive markers with a logarithm of the odds (LOD) score >0
and within a distance of 1 cM from each other were retrieved from the results. Detailed methods are described in the Supplementary Materials.
Next-Generation Sequencing
The blood-derived DNA sample from subject III-5 and the FFPE-derived DNA samples from subjects III-2 and III-6 Figure 1 . Family of 5 affected individuals with classic Kaposi sarcoma and flow chart of the genetic analysis. A, Pedigree describing the family. Generations are denoted by Roman numerals. Round and square symbols denote females and males, respectively. The ages at cancer diagnoses are specified in brackets underneath the symbols. The STAT4 c.1337C>T genotypes and human herpesvirus 8 (HHV-8) statuses are specified underneath the symbols of the studied subjects; plus signs denote HHV-8 positivity, and minus signs denote HHV-8 negativity. The pedigree has been partly modified for confidentiality. B, Description of the genetic analysis and samples used in each step. Abbreviations: FFPE, formalin fixed, paraffin embedded; SNP, single-nucleotide polymorphism.
underwent paired-end sequencing using Illumina sequencing technology. The DNA sample from subject III-5 was fragmented into 2 different sized libraries (approximately 1000 bp and approximately 500 bp), which were extracted from an agarose gel and analyzed using Illumina HighSeq 2000 at the Finnish Institute for Molecular Medicine Technology Center. To increase read depth of the sample from subject III-5, 2 additional genomic libraries and 3 exomic libraries (Agilent SureSelect Human All Exon Kit v1.0 and XT HumanAllExon; Agilent, Santa Clara, California) with fragment sizes of approximately 400 bp were sequenced using Illumina Genome Analyzer II and HighSeq 2000. The exome sequencing of the FFPE tumor specimen from subject III-2 was performed using the Agilent SureSelect XT HumanAllExon kit and Illumina HighSeq 2000 at the Karolinska Institutet (Sweden). Genomic library preparation and sequencing of the FFPE tumor sample from subject III-6 was performed by Illumina (Cambridge, United Kingdom). Data processing and analyses are described in detail in the Supplementary Materials.
Sanger Sequencing
Separate polymerase chain reaction primers were designed for analysis of complementary DNA, FFPE tumor specimen DNA, and fresh tissue specimen DNA, using Primer3 [18] . Primer sequences are available upon request. Sequences were analyzed with Mutation Surveyor v4.08 (Softgenetics, State College, Pennsylvania), using the STAT4 (CCDS2310, NM_005427.3) sequence as a reference.
Flow Cytometry
Heparinized venous blood samples were collected from 4 carriers of the STAT4 c.1337C>T variant (subjects IV-1, IV-3, IV-4, and IV-6; Figure 1A ) and from 8 age-and sex-matched STAT4 wild-type family members (spouses of subjects IV-1, IV-3, and IV-4 and subjects IV-2, IV-5, IV-7, IV-9, and III-16; Figure 1A ). See Supplementary Materials for detailed methods.
In brief, for the assessment of STAT4 activation, CD4 + T cells were purified from peripheral blood mononuclear cells (PBMCs), using a CD4 + T-cell isolation kit (Miltenyi Biotec, Gladbach, Germany). Interleukin 12p70 (IL-12p70; R&D Systems, Minneapolis, Minnesota) at a concentration of 20 ng/mL or 100 ng/mL or IFN-α (PBL Interferon Source, Piscataway, New Jersey) at a concentration of 1000 IU/mL was used for the activation of STAT4. Preceding IL-12 treatment, IL-12R expression was induced using anti-CD3/CD28 stimulation (Dynabeads Human T-Expander CD3/CD28; Invitrogen, Carlsbad, California). For detection, PE-conjugated monoclonal antibody against phosphorylated STAT4 ( pY693; clone 38/p-Stat4; BD Biosciences, San Jose, California) or an isotype control monoclonal antibody was used. To identify naive and memory T-helper cells, a cocktail of anti-CD4 FITC (SK3) and anti-CD45RO APC (UCHL1) antibodies (BD Biosciences) was used. For the intracellular detection of cytokines, PBMCs were cultured in X-VIVO-15 medium and stimulated with 10 ng/mL of phorbol 12-myristate 13-acetate (PMA) with 1 µg/mL of ionomycin for 1 hour and with brefeldin A for another 4 hours. For detection, anti-CD3 FITC antibody (SK7; BD Biosciences), anti-CD8 PerCP antibody (SK1; BD Biosciences), and, for some samples, also anti-CD45RO APC antibody were incubated for 20 minutes. After washes, the cells were fixed, permeabilized, and stained using anti-IFN-γ PE (25723.11; BD Biosciences), anti-IL-4 APC (8D4-8; BD Biosciences), anti-IL-17A Alexa Fluor 647 (eBio64DEC17, San Diego, California), or isotype control. The samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences). FlowJo software (Tree Star, Ashland, Oregon) was used to analyze the flow cytometry data. The Mann-Whitney U test was used to compare the 2 groups of study subjects. A P value of < .05 was considered statistically significant. Prism 6 software was used for statistical analyses (GraphPad Software, La Jolla, California).
RESULTS
Heterozygous p.Thr446Ile STAT4 Variant Segregates With cKS in the Family
According to the clinical records, the affected individuals in a Finnish family with 5 affected individuals with cKS ( Figure 1A ) did not have notable infectious histories. The index case, subject III-5, however, had a chronic atypical mycobacterial infection concurrent with the cKS. HHV-8 was detected in the FFPE tumor tissue specimens from subjects III-2, III-5, and III-6 by fluorescence immunohistochemical analysis, using antibody against HHV-8-encoded latency-associated nuclear antigen (data not shown).
To exclude chromosomal regions not shared by the affected individuals, we performed linkage analysis with a dominant inheritance model. Because of restricted sample materials, this was done using the samples from subject III-5 and her cousin, subject III-6 ( Figure 1A ). All chromosomal regions with a negative LOD score and <1 cM in length were excluded, resulting in exclusion of approximately two thirds of the genome from further analyses ( Figure 1B and Supplementary Table 1) .
Next, we sequenced the genomes of subjects III-5 and III-6 to identify genomic alterations within the shared chromosomal regions. Altogether, 2646 protein-coding variants, excluding synonymous changes, and 326 structural variants (SVs) were identified that were shared by the 2 affected individuals ( Figure  1B ). After removal of the variants with a minor allele frequency of >0.005 in 242 control genomes, 26 variants remained, of which 12 segregated in the exome of one of the sisters of subject III-5 ( Table 2 ). The affected mother (subject II-2; Figure 1A ) of the 3 siblings is an obligatory carrier of the variants. No shared SVs remained after using 49 in-house genomes as controls ( Figure 1B) .
We analyzed the protein coding regions of the 12 candidate genes from the exomes of 7 patients with KS belonging to 6 Finnish KS families (Table 1 and Supplementary Figure 1A) . Additional variants in SLC7A11 (c.604A>G, Ile202Val, rs111500641) and HLA-DRB5 (c344G>T, Gly115Val, rs41556512) were identified.
Although these were not present in our initial Finnish genome control set (n = 242), they were listed in the public variant databases with minor allele frequencies (MAFs) of >0.005, and both were in silico predicted to be benign.
Among the 12 candidates, 3 ( p.Val36Met in HLA-C, p. Pro212Ala in HLA-DRB5, and p.Thr446Ile STAT4) resided in genes with human immunity-related functions. Of these, c.106G>A (p.Val36Met) in HLA-C and c.1337C>T (p.Thr446Ile) in STAT4 were in silico predicted to be damaging. Both of these variants are also listed in the public databases. The HLA-C c.106G>A (rs2308538) maps to 7 alternative human HLA alleles with an A allele frequency of 0.15 (dbSNP;
The c.1337C>T substitution encodes a missense change altering the threonine 446 to isoleucine ( p.Thr446Ile). The substitution is also located 2 nucleotides from the 3′ exon-intron boundary of exon 16 of STAT4; thus, we tested whether it affects the STAT4 messenger RNA splicing, by complementary DNA sequencing analysis. However, splicing was shown to be normal (Figure 2A) .
To study the putative effect of the mutation at protein level, we conducted multiple sequence alignment, which demonstrated that the DNA-binding domains of human STAT1, STAT2, STAT3, and STAT4 are highly homologous and thatThr446 is evolutionary conserved ( Figure 2B ). Since no crystal structure exists on STAT4, we made a structural alignment of STAT1 and STAT3 (PDB entries 1BF5 [19] and 1BG1 [20] , respectively) and modeled the p.Thr446Ile mutation to the structure of STAT3 ( Figure 2C ). This showed that Thr446 is localized in the core of the DNA-binding domain and forms an H bond with the main chain oxygen of Phe321, keeping the structures connected ( Figure 2C ). Moreover, Thr446 participates in the extensive network of H bonds, stabilizing the structure of the α-helical segment responsible for the interaction with DNA ( Figure 2C) . Mutation of the polar Thr446 to hydrophobic Ile possibly breaks down these contacts, creating additional flexibility of the DNA-binding loop ( Figure 2C ).
STAT4 Was Not Frequently Mutated in cKS
To identify STAT4 variants from additional KS cases, we performed Sanger sequencing on the coding region of STAT4 from 1 Israeli cKS patient belonging to a family with four cKS affected siblings and 26 familial Italian patients with cKS (belonging to 13 families) but identified only common intronic polymorphisms. We performed Sanger sequencing on the site of the c.1337C>T variant from 56 FFPE KS tumor tissue specimens. Two tumors harbored a rare c.1338C>A variant encoding the synonymous p.Thr446Thr alteration (rs144421302). The variant is present in the Exome Variant Server and 1000 Genomes with allele frequencies of 0.0025 and 0.0004, respectively.
Putative KS Predisposing Variants in STAT4-Associated Genes
Since we did not find additional variants in STAT4, we sought to identify variants in STAT4-related genes from the exomes of the 7 Finnish familial KS cases. We generated a list of genes interacting with, regulating, or regulated by STAT4 (n = 47; Supplementary . TYK2 c.1642C>T and CCR5 c.866A>G were studied in the samples of the respective affected family members by Sanger sequencing, and the variant in CCR5 was shown to segregate. The variant was predicted damaging by Polyphen2 [21] , and it was not present in the 149 Finnish in-house control genomes, in 1000 Genomes, or in the Exome Variant Server. We were not able to study the segregation of the TYK2 c.329G>A variant, since there was no sample available from the respective affected family member. Figure 1A ) and control subjects (spouses of subjects IV-1, IV-3, and IV-4 and subjects IV-2, IV-5, IV-7, IV-9, and III-17; Figure 1A and Supplementary Figure 1B) . We found comparable STAT4 phosphorylation responses in both activated naive and memory T-helper cells between the study groups (Supplementary Figure 1C ). This was also the case when IFN-α-induced STAT4 phosphorylation was compared with no prior activation of T-helper cells (Supplementary Figure 1C) .
IFN-γ Responses in T Cells Are Attenuated in Carriers of the p.Thr446Ile Variant
We hypothesized that T-cell IFN-γ responses would be affected by the STAT4 p.Thr446Ile variant. Therefore, the production of intracellular IFN-γ was assessed by flow cytometry. The intensity of IFN-γ expression following PMA plus ionomycin stimulation was significantly decreased in naive T-helper cells from the p.Thr446Ile variant carriers ( Figure 3A) , and a trend also existed for lower IFN-γ upregulation in memory T-helper cells ( Figure 3A ). No differences were found in the percentages of IFN-γ-positive cells, however ( Figure 3A ). IL-4 and IL-17 responses in T-helper cells did not differ between the groups (data not shown). In CD8 + cytotoxic T cells, IFN-γ responses were comparable between the variant carriers and controls (data not shown). IL-4 and IL-17 were unexpressed or expressed at very low levels in CD8 + T cells, with no detectable differences between the study groups (data not shown).
DISCUSSION
We studied a family with 5 adults with cKS, using wholegenome and exome sequencing analysis. Apart from subject III-5's atypical mycobacterial infection, the affected family members had seemingly eventless clinical histories, with no striking evidence of immunodeficiency. We identified 12 rare protein-coding candidate variants that were present in 3 of 5 affected individuals from whom we were able to obtain samples. The affected mother of the 3 affected siblings was an obligate carrier of the variants. Two of the variants (c.106G>A in HLA-C and c.1337C>T in STAT4) resided in human immunity-related genes and were in silico predicted to be damaging. The variant in HLA-C, however, seemed an unlikely candidate because of ambiguous genomic mapping and considerably high frequency reported in the dbSNP. The c.1337C>T in STAT4, on the other hand, is a very rare allele with frequencies of 0.0001 and 0.0008 in 1000 Genomes and the Exome Variant Server, respectively. We did not detect any variant carriers among the 242 Finnish genomes used to control the next-generation sequencing data or in the 180 population-matched healthy controls for whom Sanger sequencing was performed. We sequenced the coding region of STAT4 from 34 familial KS cases and the mutation site from 56 sporadic KS cases. A synonymous c.1338 C>A (p.Thr446Thr; rs144421302) alteration was identified in 2 sporadic KS cases, but no protein code-altering variants were identified. We also studied mutations of STAT4-associated genes in 7 familial KS cases and found that a novel, potentially damaging heterozygous variant in CCR5 (c.866A>G, p.His289Arg), located at putative transmembrane domain of CCR5 (7tm_1; pfam00001 [22] ), segregated in both of the affected family members. CCR5 encodes a CC-chemokine receptor, and STAT4 is known to negatively regulate its expression in mouse T cells [23, 24] . CCR5 is a coreceptor of HIV type 1 (HIV-1) entry [25, 26] , and individuals with defective CCR5 alleles have been associated with resistance to HIV-1 infection [27] [28] [29] [30] .
STAT4 is a one of the 7 members of the STAT family, and it is generally expressed in spermatozoa, myeloid cells, and T lymphocytes [31] . STAT4 is known to be activated by IL-12, interleukin 23, and type 1 IFNs via phosphorylation by Janus kinase 2 or tyrosine kinase 2. Upon activation, STAT4 forms dimers and relocates to the nucleus to regulate its target genes, especially the gene encoding IFN-γ [32, 33] . We studied whether the p. Thr446Ile STAT4 mutation affected IFN-γ production and detected significantly decreased production of IFN-γ upon treatment with PMA plus ionomycin in naive T-helper cells from the mutation carriers. A similar trend was seen in the memory T-helper cells from the carriers. However, there was no difference in the amount of phosphorylated STAT4 in the T-helper cells from the mutant carriers, compared with those from the wild-type individuals. Also, we saw no differences in the IL-4 and IL-17 responses in T cells from the 2 groups.
Germ line mutations in STAT1, IFNGR1, IFNGR2, and IL12RB1 are well-established etiologic factors for Mendelian susceptibility to mycobacterial disease (OMIM: 209950) [34] . Intriguingly, 2 heterozygous alleles affecting STAT1 DNAbinding domain ( p.Glu463H and p.ProE320Glu) have been reported in otherwise healthy patients with mycobacterial disease [35] . Furthermore, the one reported child with cKS and IFNGR1 deficiency also had a concurrent severe mycobacterial disease [10] . Thus, it is intriguing to speculate that the p.Thr446Ile variant, located in the DNA-binding domain of STAT4, may also predispose to the atypical mycobacterial infection present in subject III-5, our index case.
Stat4 knockout mice have disturbed IL-12-mediated functions and are susceptible to various intracellular pathogens, including Mycobacterium tuberculosis, Leishmania major, Trypanosoma cruzi, Toxoplasma gondii, Babesia species, and Listeria monocytogenes [36] [37] [38] . A recent forward mutagenesis screen in mice discovered a Stat4 DNA-binding domain mutation (p.418_E445) that predisposed homozygous mice to acute typhoid-like disease through IFN-γ-mediated immunity [39] .
A common haplotype of STAT4 is associated with susceptibility to several autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematosus, and primary Sjögren syndrome [40, 41] . The associated single-nucleotide polymorphism (SNP) (rs7574865) located within the haplotype was also recently associated with the risk of hepatitis B virus-related hepatocellular carcinoma [42] . To our knowledge, variation in STAT4 gene has not previously been associated with HHV-8 infection. Recently, Svensson et al showed that variation of STAT4 importantly regulates herpes simplex virus type 2-specific IFN-γ responses in humans [43] .
Our data underline the previous findings that acquired immunity-more precisely, T-helper cell responses-are important in the control of HHV-8 infection and the development of cKS. Taken together, we suggest that STAT4 is a putative cKSpredisposing gene. The predisposition may be caused by an impaired IFN-γ-mediated immune response, but to claim causality the result needs to be validated in other KS cases.
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